Introduction
Speech is arguably the most complex voluntary movement behavior in the natural world. A central question in speech research is how infants are able to learn speech movements so rapidly and with such limited input.
Computational modeling has become an increasingly promising method for understanding adult speech. Biomechanical modeling allows researchers to study realistic 3D models of the vocal tract built from anatomical and physiological data from perspectives that are difficult to achieve otherwise. Biomechanical modeling of the infant vocal tract will enable similar research into questions relating to speech acquisition.
For example, one appealing proposal regarding speech acquisition is that some core speech movements may build on phylogenetically-encoded aerodigestive actions such as breathing, swallowing and suckling [1, 2] . The idea that neuromuscular primitives such as those relating to digestion are used to bootstrap more complex movement has been suggested in other domains [3, 4] , and proposing it as a mechanism in speech acquisition is in accord with neurological [5] , clinical [6] , and kinematic [7] evidence relating speech and aerodigestive movements.
This hypothesis has proven difficult to test, in part because the anatomy of the vocal tract makes most standard methods such as EMG too invasive or imprecise. The development of biomechanical models of the vocal tract has recently allowed researchers to evaluate some of the predictions made by this hypothesis, showing, for example, that swallowing and movements used in speech occupy similar areas in muscle activation space [8] . A shortcoming of this research is that it has used models of an adult vocal tract to test proposals about infant speech. Adult and infant vocal tracts differ not only in their size, but also in the relative proportions of their structures [9, 10] .
In this paper we present a preliminary model of an infant vocal tract using the 3D biomechanical simulation platform Artisynth (e.g. [11, 12] ). This model is generated by modifying an existing vocal tract model implemented in Artisynth to conform to the proportions of a mid-sagittal CT image of an infant vocal tract. The model will be capable of simulating both swallowing and simple speech movements, and the results of simulations using this model will provide useful insight into infant motor control, supplementing evidence from other domains.
Methods
Artisynth contains a model of an adult vocal tract called Frank [13] . We used Frank as a starting point, modifying its relative proportions to match more closely those of an infant. To determine the proportions, we compared a midsagittal CT image of an 11-month-old male infant vocal tract to a mid-sagittal image of the Frank vocal tract. A set of twelve biometric measurements were modified from previous studies of infant vocal tract development [9, 10] .
These measurements were (1) vocal tract length: the curvilinear distance along the midline of the vocal tract from the superior point of the larynx to a line tangential to the incisors; (2) hard palate length: the curvilinear distance along the hard palate contour from the anterior base of the incisor to the beginning of the soft palate; (3) soft palate length: the curvilinear distance along the soft palate contour from the posterior edge of the hard palate to the inferior edge of the uvula; (4) mandibular length: the length of a straight line from the mental protuberance to the anterior point of the thyroid cartilage; (5) tongue length: the curvilinear distance along the tongue surface from the vallecula to the tongue tip; (6) hyoid height: the vertical distance from the posterior nasal spine to the superior edge of the hyoid bone; (7) larynx height: the vertical distance from the posterior nasal spine to the superior edge of the vocal folds; (8) oropharynx length: the vertical distance from the inferior edge of the uvula to the superior edge of the vocal folds; (9) vocal tract horizontal length: the horizontal distance from a line tangent to the incisors to the back of the nasopharynx; (10) anterior cavity length: the horizontal distance from a line tangent to the incisors to the intersection with a vertical line from the anterior edge of the glottis to the palate; (11) oropharynx width: the horizontal distance from the back of the nasopharynx to the intersection with a vertical line from the anterior edge of the glottis to the palate; and (12) mandible height: the length of a straight line from the inferior point of the mandible to the superior point of the lower incisors.
Because the images at are different scales, all measurements were normalized by dividing each distance by the mandible height. The infant and Frank vocal tracts with measurements overlaid are shown in Figure 1 .
The most substantial difference between the infant and Frank vocal tracts is that the larynx and hyoid are higher in the infant. This is reflected in the vocal tract length, hyoid level, larynx level, and oropharynx length measurements. In order to quantify similarity between the infant vocal tract and the Artisynth models, we designed a measure θ similar to the sum of squared errors:
Where i indexes over the set of measurements, M i is the normalized measurement from the model, and I i is the normalized measurement from the infant CT image. This measure penalizes differences in larger measurements more than differences in shorter measurements, and lower values indicate a closer correspondence to the infant vocal tract.
The structures in the Frank vocal tract were manually modified using rigid body translations and affine transformations to bring them in line with the proportions of the infant vocal tract. We also removed excess tissue, including the face. The same measurements were then carried out on the infant vocal tract model and compared to those of the original Frank model (Figure 2 ). 
Results
For the original Frank model, = 1.438, while the infant vocal tract model, = 0.373. This indicates that the infant vocal tract model in Artisynth corresponds more closely to the dimensions of the infant vocal tract than the original Frank model.
Discussion and future work
The infant vocal tract model presented in this paper will allow researchers to simulate both aerodigestive and speech movements. The results of these simulations will help to supplement neurological, clinical, and kinematic evidence bearing on hypotheses relating to the acquisition of speech and aerodigestive movements. In addition, we plan to further increase the accuracy of the infant model by validating the muscle insertions and replacing the maxilla and mandible with 3D models generated from infant data.
